The most common fatty acid oxidation disorder, medium chain acyl-CoA dehydrogenase deficiency (MCADD), has become the focal point for the adoption of tandem mass spectrometry to detect it and related inborn errors of metabolism. This article updates a human genome epidemiology review of MCADD published in 1999. The focus of this update is on epidemiologic parameters rather than mutations associated with MCADD. Currently available information from screening studies on the frequency of detection of MCADD in newborns, as well as the frequency of homozygotes for the common mutation in the ACADM gene, is summarized. In the United States, the average incidence of the disorder is from 1 in 15,000 to 1 in 20,000 births, with individual states reporting frequencies from 1 in 10,000 to 1 in 30,000 births. In addition, a systematic review was undertaken of the published literature on the frequency of mortality and developmental disabilities among children with MCADD, both in screened and unscreened cohorts. It seems that in the absence of newborn screening for MCADD, premature death or serious disability occurs in 20% to 25% of children with the disorder. Systematic collection and analysis of follow-up data are still needed to ascertain the frequencies of outcomes in screened cohorts. Genet Med 2006:8(4):205-212.
The recent incorporation of medium chain acyl-CoA dehydrogenase deficiency (MCADD) in newborn screening programs has facilitated the expansion of epidemiologic knowledge of this treatable disorder. This review of the epidemiology of MCADD incorporates population-based data derived from the use of tandem mass spectrometry (MS/MS) by newborn screening programs. In 1999, when a previous human genome epidemiology (HuGE) review of MCADD was published, 1 screening for the disorder in the United States was restricted to three states, and almost all information came from clinical case series or pilot studies. As of June 2005, screening for MCADD had been implemented in 32 states, and implementation planned in 5 additional states. 2 These states collectively represent approximately 78% of all births in the United States.
Despite the increase in screening, understanding of the natural history of unscreened MCADD remains limited. 1, 3, 4 Screening for a treatable disorder by definition cannot provide information on the course of the disorder in the absence of screening. The major preventable outcomes of concern are death and intellectual disability. Death is reported to occur in up to 25% of symptomatic individuals with MCADD. 1, 5 The frequency of death in untreated MCADD is said to be as high as 50% 6, 7 or as low as 2%. 8 This variation highlights the need for more precise numerical estimates for quantitative policy analysis.
METHODS
We conducted a systematic search for relevant studies published since the appearance of the previous HuGE review on MCADD. 1 We conducted a systematic search of Medline for articles on MCADD published since 1999 in the English language, using as search terms either "medium chain acyl-CoA dehydrogenase deficiency" or "tandem mass spectrometry" together with "newborn screening." In deciding which articles to review, we excluded diagnostic studies, studies of gene mutations in small population samples, and case reports. Also, we scanned newborn screening conference abstracts and proceedings and the reports of state newborn screening programs available on the World Wide Web for additional data on the reported frequency of MCADD cases detected by newborn screening programs in the United States.
Gene and gene variants
MCADD is a mitochondrial fatty acid oxidation disorder that results from inactivity or deficiency of the medium chain acyl-CoA dehydrogenase (MCAD) protein. The MCAD protein is an enzyme that catalyzes the beta-oxidation of fatty ac-ids. This process is critical to the formation of ketone bodies in the liver, which provide an alternative energy source during periods of prolonged fasting or increased energy demands.
The MCAD protein is coded by the ACADM (alias MCAD) gene (OMIM number 607008), which is located at chromosome 1p31. More than 30 mutations in this gene have been identified, most of which are missense mutations in which one amino acid is substituted for another at a specific codon. 9 The most common mutation involves an adenine-to-guanine (A¡G) transition at coding position 985 on the gene (OMIM variant number 607008.0001 commonly referred to as 985A¡G or A985G) resulting in a substitution of glutamate for lysine at position 329 of the precursor protein (K329E or Lys329Glu) that corresponds to position 304 in the mature protein (K304E). Two copies of this common mutation are typically found in 80% of European-origin individuals diagnosed with MCADD on the basis of clinical symptoms. 9, 10 Other mutations predominate in non-European populations, and additional mutations may be identified as screening becomes increasingly widespread. 11, 12 The pattern of genotypes differs between screened and clinically detected cohorts, with a lower frequency of A985G homozygosity among individuals with MCADD detected by screening (Table 1) . Different studies reporting on children identified prospectively through screening report that from 36% to 71% (mean frequency of 55%) are homozygous for the A985G mutation, with a 95% confidence interval from 47% to 63% (Table 1) . We report exact binomial confidence intervals, which are appropriate for estimates of proportions or percentages, for parameters in Tables 1, 2 , 4, and 5 to give an indication of the degree of uncertainty surrounding each estimate.
Results from screened populations show the presence of a common missense mutation (T199C) that has not been found in patients with clinical disease. 11, 13 The T199C allele is relatively common (1/500 as determined by a random screen of 1,000 blood spots), and in vitro studies show reduced enzyme activity, although not necessarily of physiologic significance. 13 Analysis of data from a large screened population found the T199C allele in combination with the A985G allele or with other rare mutations in 16% of the screen-positive individuals. 11 The absolute disease risk for children who screen positive and carry the T199C allele is unknown at this time.
Children with MCADD detected through screening can be expected to have a lower average risk for developing symptomatic disease because they are less likely to have genotypes associated with clinical symptoms. It should be noted that the genotype-phenotype correlation is limited, and even among A985G homozygotes the spectrum of outcomes is variable. 14 The association is likely dependent on a variety of genetic and environmental factors. For example, not all affected individuals experience sufficient metabolic stress in the course of childhood illnesses to precipitate a metabolic crisis.
Case definition and diagnostic criteria
Criteria for the diagnosis of MCADD have evolved over time. Demonstration of deficient enzymatic activity is the gold standard for diagnosis of this fatty acid oxidation disorder. The high specificity of a diagnostic acylcarnitine profile obtained using MS/MS had led to decreased use of enzyme assays for confirmation in the clinical setting. 15 However, certain individuals develop secondary carnitine deficiency that suppresses the diagnostic acylcarnitine profile and can cause falsenegative diagnostic results. 16 Before the advent of MS/MS, diagnosis of probands almost invariably followed clinical presentation (unexplained lethargy, altered consciousness, hypoglycemia, encephalopathy, or fatty liver on autopsy) supported by a combination of biochemical abnormalities.
Not all individuals with MCADD develop such a clinical presentation, whether a severe metabolic crisis or milder symptoms. This causes some confusion as to whether the MCADD phenotype consists of specific clinical signs and symptoms or the biochemical evidence of an enzyme disorder. For the purposes of this review, the authors followed established clinical practice in using the biochemical definition of the MCADD phenotype.
Use of variable diagnostic criteria for MCADD complicates comparison of data from multiple sources. Some screening programs require confirmatory biochemical tests. 16, 17 The presence of two severe mutations on the ACADM gene, that is, missense or stop mutations resulting in no residual enzymatic activity, is considered diagnostic, although not all individuals who are diagnosed with MCADD undergo molecular testing. Some consider repeat abnormal acylcarnitine screening profiles using the same blood spots to be diagnostic, although it is not clear that all children identified through such techniques would meet standard diagnostic criteria.
Some people who are compound heterozygotes for MCAD mutations have a mild or benign phenotype. 17 German inves- tigators proposed an algorithm based on residual enzymatic activity in fibroblasts, lymphocytes, or both; mutation analysis; and phenylpropionate loading. 18, 19 According to that algorithm, classic MCADD is indicated by less than 5% residual enzymatic activity, the presence of two severe mutations, or a pathologic phenylpropionate loading result. Mild MCADD is associated with 5% to 35% residual enzymatic activity, mild mutations, and normal phenylpropionate loading. German data have indicated that one-fourth of infants with MCADD detected by newborn screening have mild phenotypes and that the other three-quarters have classic MCADD. 19 Incidence and prevalence
Accurate assessment of the incidence of MCADD requires analysis of test results from a birth cohort representative of a geographic population. Data on the frequency of MCADD cases detected through newborn screening are summarized in Table 2 . The estimated frequency of MCADD at birth ranges from 1 in 10,000 to 1 in 27,000 among populations of mostly European descent and is less common in populations of nonEuropean origin. No cases of MCADD were found among 79,171 newborns screened in Korea, 20 and two cases of MCADD were found among 102,200 infants screened in Japan. 21 A U.S. screening study, comprising data largely from the states of Pennsylvania and North Carolina, reported an average incidence of 1 in 15,700 births. 22 On the basis of U.S. studies reporting screening program data, the pooled estimate of the incidence of MCADD for the United States is 1 in 17,000 births, with an approximate 95% confidence interval from 1 in 15,000 to 1 in 20,000. Substantial variation is reported among states, with the incidence in individual states varying from approximately 1 in 10,000 to approximately 1 in 30,000. States cannot reliably predict the number of MCADD cases on the basis of national incidence data or screening data from another state. None of the published screening studies from the United States reported cases by race or ethnicity. However, the incidence or birth prevalence for an individual state is likely to vary with racial and ethnic composition.
Because of variable and nonspecific clinical presentation, MCADD often is not recognized and, consequently, is underdiagnosed at the population level in the absence of screening. Three surveillance studies surveyed metabolic centers, pediatric practices, and diagnostic laboratories to determine the prevalence of diagnosed metabolic disorders in birth cohorts for defined populations. The prevalence of clinically diagnosed MCADD among cohorts of children in geographically defined populations was 1 in 30,900 in England 23 ; 1 in 42,200 in German states not using MS/MS newborn screening 24 ; and 1 in 47,300 in New South Wales, Australia, from 1990 to 1994. 25 The German study used a capture-recapture analysis based on two independent reporting sources to estimate that the true prevalence of clinically reported cases was 1 in 38,000. 24, 26 In The Netherlands, a retrospective cohort study found an average prevalence of MCADD of 1 in 27,400. 27 With three countries (Australia, England, and Germany) it was possible to compare prevalence data from active surveillance with that from newborn screening. In each of those countries, the number of children with MCADD detected by screening was more than twice the number diagnosed on the basis of symptoms. With the exclusion of children identified with MCADD on the basis of family history, the ratio of clinically diagnosed prevalence in unscreened cohorts and screened cohorts ranged from 0.35 to 0.45, respectively (Table 3) .
In the United States, MCADD seems even less likely to be diagnosed in the absence of newborn screening. Researchers affiliated with a large health plan in California reported no diagnosed MCADD cases among their members. 8 In a comparative study, MCADD cases accounted for 40% of all cases of metabolic disorders detected by MS/MS screening in Pennsylvania, Massachusetts, and Maine, but for only 15% of cases of the same diseases detected on the basis of clinical symptoms in three other New England states. 28 
Natural history
The baseline for calculating the potential benefits of newborn screening is the natural history of the disorder. The natural history includes the pattern of clinical signs, symptoms, and sequelae and outcomes such as mortality and disability among individuals in whom the disease is not detected before the emergence of clinical symptoms. It should be recognized that this is not fixed but depends on the state of clinical awareness and therapeutic practices.
Clinical symptoms
Because fatty acid oxidation is important for energy production during fasting or increased energy expenditure, fasting or stress in individuals with MCADD can lead to a variety of complications. These include hypoketotic hypoglycemia, hypotonia, lethargy, and vomiting. This can progress to seizures, encephalopathy, coma, and death with an accumulation of toxic metabolites. 14, 15 Because signs and symptoms are highly variable, no consistent definition of what is regarded as symptomatic MCADD is used in the literature. 37 were included in report by Pollitt and Leonard 23 and are excluded from pooled estimate. MCAD, medium chain acyl-CoA dehydrogenase. The age of presentation is variable. The majority of symptomatic cases present from 3 months to 3 years of age. 1 However, MCADD can present in the newborn period, and clinicians in neonatal units must be alert to early presentation to prevent death or neurologic damage. 29 In New South Wales, 8 of 20 children with MCADD presented with acute hypoglycemia during the first 3 days of life, before the time when newborn screening results could be made available. 30 The probability of an individual with MCADD detected by screening developing a metabolic decompensation crisis in the absence of screening is as high as 0.75. 31, 32 One retrospective study, on the basis of MS/MS analysis of 100,600 stored blood spot specimens, identified eight children with MCADD at ages 7 to 9 years. 33 Of the eight cases, one had died, and two others had been clinically diagnosed with MCADD, both having experienced episodes of encephalopathy. Of the remaining five children, one child had had episodes of encephalopathy and two others had had episodes of hypoglycemia in infancy. The other two children remained asymptomatic. Thus, four of eight (50%) had experienced serious metabolic crises resulting in encephalopathy or death, and six of eight (75%) had experienced clinical symptoms.
The frequency with which children with biochemical MCADD develop serious, life-threatening symptoms can also be assessed by using information on the older siblings of probands detected as newborns through screening. For example, Waisbren and colleagues, through testing family members of 20 infants detected through screening, identified seven older surviving siblings with MCADD, of whom four had shown symptoms (hypoglycemia and extreme lethargy) of MCADD, whereas the other three remained asymptomatic. 28 That excludes older siblings who might have died of MCADD. Pollitt and Leonard reported that four of six older siblings with MCADD experienced symptoms, and that an additional four siblings died with symptoms compatible with MCADD. 23 
Mortality
Death has been reported to occur in up to 25% of children with MCADD not previously diagnosed who experience episodes of acute metabolic decompensation. 1, 5 Published reports of the frequency of death among children who are index cases of MCADD are found in Table 4 . Pourfarzam et al. found one death among four children with MCADD who presented with acute metabolic decompensation (25%). 33 Pollitt and Leonard reported that 10 of 46 children with MCADD who presented with acute symptoms died (21.7%). 23 The calculated mortality risk in MCADD depends on the length of follow-up, because deaths associated with the disorder can occur through at least 3 years of age. The effect of length of follow-up has not been adequately addressed in the published literature on mortality in MCADD. One study reported 2 infant deaths among 27 patients (9%) with clinically detected MCADD at the Children's Hospital of Philadelphia. 34 The risk of death through 3 years of age was 26% in the same cohort ( Charles Venditti, MD, PhD, personal communication,  2003) . The cumulative risk of death to 12 months of age was 13.0% (6/46) in the English cohort of Pollitt and Leonard, compared with 21.7% at 3 years of age. 23 A study from Germany reported that only 2 (10%) of 20 children clinically diagnosed with MCADD had died, but the length of follow-up was short, perhaps less than 12 months. 24 The overall mortality rate among all children with MCADD is necessarily lower than that among those who experience metabolic crises, because a fraction of individuals with the disorder do not manifest signs and symptoms in childhood. If the mortality rate among children who experience an acute metabolic crisis were 25% and the probability of such a crisis were 50% to 75%, overall cohort mortality would be between 12% and 20%. In the British cohort ascertained by Pollitt and Leonard, there were 10 deaths among 62 probands, for an overall risk of death of 16.1%. 23 Similarly, in the small group of eight children with MCADD detected by Pourfarzam et al., 33 there was one death (12.5%).
The number of deaths attributed to a diagnosis of MCADD is probably understated in certain studies because infants or children who die of MCADD-related causes might have the cause of death incorrectly listed as sudden infant death syndrome, Reye syndrome, hepatitis, poisoning, or unknown causes unless metabolic testing is conducted on autopsy specimens. 35 Among 7,058 postmortem blood samples obtained from children in the United States and Canada with unexpected deaths, 23 had evidence of MCADD deficiency. 35 A follow-up study that analyzed postmortem blood spots from 793 children in Virginia who died before 3 years of age and whose deaths were referred to a medical examiner during 1996 to 2001 revealed that two had evidence of MCADD by acylcarnitine analysis, both of whose diagnoses were subsequently confirmed by genotyping. 36 The data from the Virginia study can be used to establish a lower bound on the risk of undiagnosed mortality from MCADD in young children. Approximately 550,000 births took place in Virginia from 1996 to 2001. By assuming a prevalence of 1 in 16,000, one would expect 35 births in Virginia affected by MCADD during this period. Dividing 2 deaths by 35 expected cases, we project that undiagnosed deaths occurred in 6% of children born with MCADD during this period. This is likely to be an underestimate, because other MCAD-related deaths might not have been subject to postmortem examination because they were assigned another cause of death such as infectious disease.
The frequency of deaths among older siblings of children with MCADD seems elevated relative to that among probands. For example, Wilcken and colleagues reported that 3 (75%) of 4 Australian siblings presumed to have had MCADD had died, compared with 2 (12.5%) of 16 probands. 30 Similarly, Wilson and colleagues reported that in England 9 (88%) of 11 older siblings who likely had MCADD had deaths consistent with MCADD. 37 One reason for the higher than expected numbers of deaths in older siblings is that the typical nonspecific symptoms of MCADD might be more likely to be diagnosed correctly in a child with a family history of sibling death.
Neurologic complications
Children who experience acute metabolic decompensation are at elevated risk of neurologic impairment and varying degrees of disability. Up to one-third of survivors of metabolic crises in MCADD are reported to experience some form of developmental delay. Differences in the classification of neurologic impairments make comparisons across studies difficult. Iafolla et al. reported that among 73 patients older than 2 years of age, one or more abnormal assessments were found in 32%, including speech and language delay (22%), developmental disability (16%), and behavioral problems (15%). 38 Wilcken et al. likewise reported one-third of MCADD survivors in Australia to have some developmental problems. 30 Two studies from the United Kingdom both reported developmental problems in one-sixth of survivors of acute crises. 23, 37 Measures of intellectual disability or mental retardation, defined as IQ less than 70, seem more comparable (Table 5) . By excluding the study by Iafolla and colleagues, 38 the reported frequency of cognitive disability in children with MCADD detected symptomatically is 7% to 8%. Pooling across studies, the probability of intellectual disability is 7.1%, with a 95% confidence interval from 2.0% to 17.3%. Waisbren et al. found no cases of marked developmental delay among five children with MCADD detected on the basis of clinical symptoms, which is consistent with a risk of 10% or less. 28 Not all cases of intellectual disability in children with MCADD can be attributed to the metabolic defect. The background rate of mental retardation in children is approximately 1%. 39 If one subtracts the background rate, the estimate of the risk of mental retardation or intellectual disability among children with MCADD diagnosed on the basis of clinical symptoms is 6% in the absence of early, asymptomatic detection.
The other developmental disability that has been associated with MCADD is cerebral palsy. In a series of 97 surviving patients with MCADD reported by Iafolla et al., 9% had been diagnosed with cerebral palsy. 38 The investigators did not report how many children with cerebral palsy also had cognitive disability. In general, studies show that approximately twothirds of children with cerebral palsy also have a diagnosis of mental retardation. 39 This suggests an additional 3% risk of cerebral palsy without cognitive impairment, for a total of 9% of children with mental retardation, cerebral palsy, or both attributable to the effects of MCADD.
We combined the best estimate of the attributable risk of intellectual disability among surviving children with clinically diagnosed MCADD (6%) and the risk of cerebral palsy without intellectual disability (3%) to derive an overall estimate of developmental disability severe enough to require lifelong treatment (9%). This estimate is imprecise, given the wide confidence interval for intellectual disability (2.0%-17.0%) and the even less precise estimate of the frequency of cerebral palsy. The estimate applies to children who experience a metabolic crisis, which is from 50% to 75% of all children with MCADD in the absence of screening. Logically, this implies 5% to 7% of children with MCADD would develop some type of frank developmental disability in the absence of screening, although this does not take into account the statistical uncertainty with regard to the underlying estimates. Further, this estimate does not take into account milder developmental delays or behavioral problems that can manifest among survivors of metabolic crises.
Prevention of symptoms and complications
The reduced ability to metabolize medium-chain fatty acids becomes problematic when individuals are faced with extra metabolic demands or reduced dietary inputs. Most often, stress induced by fasting or infection, during which the demands on fatty acid oxidation are particularly high, leads to symptomatic presentation. Lengthy fasting or the presence of infection or recent immunization typically precedes metabolic crises in MCADD. 40 It is widely believed that adverse outcomes in MCADD can largely be prevented through avoidance of fasting, along with close attention by parents and clinicians during periods of infection and after immunizations. Energy-containing drinks should be consumed during periods of infection and anorexia. Hospitalization for administration of intravenous fluids is required if oral feeding attempts are unsuccessful. The only deaths after diagnosis of MCADD that have been reported in the published literature from the United States occurred in children in whom the diagnosis was made late or disease-management guidelines were not necessarily followed. 13, 40 Information on long-term outcomes in children with MCADD detected through newborn screening is still lacking. 4, 25, 41 However, there are indications that the risk of mortality after newborn screening for MCADD is real. A recent report from Germany examined the outcomes of 29 patients detected by screening who were homozygous for the A985G mutation. 42 Unfortunately, two patients died at 10 months of age, despite knowledge of the MCADDD diagnosis. 42 Long-term follow-up investigations in New England have likewise revealed two deaths among children identified by newborn screening whose MCADD diagnoses were confirmed by metabolic specialists (number of children diagnosed is not reported); the details of the circumstances of these deaths are under investigation (personal communication, New England Newborn Screening Program).
Severe metabolic crises sometimes occur before the reporting of screening results, further reducing the number of preventable deaths resulting from newborn screening. Pollitt and Leonard reported one neonatal death in an infant whose older sibling had already been diagnosed with MCADD. 23 Among 23 infant deaths with MCADD detected by postmortem MS/MS analysis, 3 occurred during the first 7 days of life. 35 Presumably, these deaths could not have been averted by newborn screening. On the other hand, early neonatal deaths with MCADD might be preventable through increased clinical awareness of fatty acid oxidation disorders, which can occur as a result of their inclusion in newborn screening panels.
Studies of screened cohorts with MCADD have reported no neurologic impairments. 13, 25, 28, 43 However, none of these studies administered a validated test of general cognitive ability required to classify intellectual disability. One study assessed 20 children with MCADD identified through newborn screening from 5 to 29 months of age, with a median age of 9 months. 28 None of the children with MCADD had mental index scores below the normal range. However, a conclusive assessment of the effects of early identification of MCADD on cognitive ability will require considerably longer follow-up. 44 
DISCUSSION
Newborn screening for MCADD clearly prevents death and disability in many children with the disorder. We conservatively project that one in six children born with MCADD will die in childhood in the absence of screening. Without early asymptomatic detection, at least half of children with MCADD will experience a metabolic crisis, and up to 1 in 10 survivors will develop a serious developmental disability. Conservatively, between one in five and one in four children with MCADD will experience death or severe disability without newborn screening for the disorder. The frequency of milder developmental delay is more difficult to assess but is of concern to parents and poses costs to the affected individuals, families, and society.
These estimates can be used to calculate the number needed to screen to prevent one case of death or serious disability. Taking into account an expected prevalence of 1 in 17,000, 70,000 to 80,000 children would need to be screened for MCADD to prevent one case of death or serious disability. At the national level, screening 4 million U.S. births per year could prevent 50 to 60 premature deaths or cases of disability, assuming strict adherence to disease-management guidelines by both parents and providers, access to comprehensive care and health insurance, and a prompt and efficient system of reporting and follow-up.
